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Abstract 
A PDMS based tuneable microoptical system fabricated merging deep reactive ion etching, SU-8 and soft 
lithography, with a low-cost (mass-production), simple and highly repetitive technology, is presented. This system 
consists on a structure of two microlenses with uncoupled optical properties that can be mechanically actuated. This 
device was numerically simulated prior to its fabrication, to optimize its design and improve its behaviour. In 
addition, an optical characterization of the fabricated devices was carried out to provide a proof of concept of the 
presented devices and validate the proposed fabrication technology.  
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1. Introduction 
Microlenses are the basic component of many optical devices and systems [1]. Two different configurations are 
usually chosen to define microlenses: either parallel configuration, when the lenses are implemented parallel to the 
substrate surface with light following a path parallel to it; or orthogonal configurations, when the lenses are 
orthogonal to the substrate. However, the production cost of the parallel configuration is dramatically increased 
because it is required to develop complex technology processes. Alternatively, in the orthogonal configuration, the 
light is injected from the backside of the substrate and the lenses are fabricated on the front side focusing the light at 
a fixed distance. Using this configuration is relatively simple to obtain a high density of microlenses and, since full 
wafer processing is possible, achieve mass production. A large number of microlenses on this configuration have 
been developed [2]. Recently, in order to raise the microlenses capabilities and applications, devices with a variable 
focal length have been developed. Nevertheless, these structures are usually based on a thin membranes [3] that 
requires complex heating or microfluidic systems to achieve the actuation over the lenses; resulting on fragile 
devices. In order to overcome this drawback, a robust 3-D modulable microoptical system based on 
poly(dimethylsiloxane) (PDMS) has been designed and numerically simulated. This system consists on a structure 
of two microlenses with uncoupled optical properties that can be mechanically actuated. This approach is not based 
on membranes, since the proposed microlenses are solid structures, and modulation is mechanically-induced, so the 
proposed device has a high robustness.  
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 2. Design and simulation 
The proposed microoptical system consists on a structure of two microlenses with uncoupled optical properties 
that can be mechanically actuated. As previously mentioned, our approach is based in mechanical actuation over  
solid bulk microlenses. The proposed configuration is presented on fig. 1, together with and schema of its optical 
behaviour, it consists on a mechanically modulable microoptics structure based on PDMS that integrate two lenses 
of different sizes. The small lens (Sl) is placed at the centre of the large lens (Ll) conforming a solid system and 
therefore both focuses are perfectly aligned, as it can be seen in fig. 1a when no mechanical actuation is applied in 
the system. Since the light passes simultaneously through both lenses and not consecutively, the microlens system 
can be considered as uncoupled. If the optical behaviour is studied in detail, can be observed that on the Sl focal 
plane the first focal point is surrounded by a ring. This ring, labelled as primary ring (PR), is due to the light 
emerging from the Ll on the second focus point. Conversely, on the Ll focal plane the second focus is surrounded by 
the secondary ring (SR), which is the light that diverges from the first focus.  
 
a) b) 
Figure 1.- Schema of the proposed microoptical system and the light behaviour a) without stretching and b) when an actuation force is applied on 
the y-axis. The former shows one focal plane for each lens with the corresponding focal points surrounded by the primary ring (PR) and the 
secondary ring (SR). In the last situation the Ll acts like an elliptic lens showing the interval of Sturm with all its elements: the horizontal line 
focus (HLF), the circle of least confusion (CLC) and the vertical line focus (VLF). 
As it was advanced, such a system can be easily actuated mechanically. Due to the mechanical properties of the 
PDMS, it is easy to modify the shape of the Ll microlens stretching the structure by horizontal mechanical actuation 
(on the y-axis). Using this method it is possible to modulate their behaviour; a conceptual scheme can be seen in the 
fig. 1b. When an uniaxial actuation force is applied over the whole structure, the Sl does not suffer measurable 
variation on its curvature. In opposition, the Ll will be highly stretched, due to its larger diameter. Hence the first 
focus point will remain unaltered whereas, under stretching, the second focus is converted to an interval of Sturm 
[4]. Three elements can be observed on this interval. On a surface at one end of the interval is the horizontal line 
focus (HLF), on the other surface end is the vertical line focus (VLF), and where the image is least blurred is the 
circle of least confusion (CLC). This behaviour is usual on an astigmatic lens and is due to the different curvatures 
on the y- and z-axes. In order to obtain the optical and mechanical properties presented above, the diameter of the Sl 
(DS) has been fixed at the minimum value possible with the standard UV photolithographic techniques; hence DS 
has been fixed at 2 μm. On the other hand, the Ll has been designed to assure that the two microlenses are perfectly 
uncoupled, so it is possible to distinguish the different focuses, and that after stretching, the interval of Sturm can be 
observed. Hence, the diameter of the Ll (DL) has been fixed at 10 μm. 
Due to the complexity of this design a numerical analysis has been done using FIMMWAVE and FIMMPROP 
software (Photon Design, Oxford, UK). A Gaussian beam illumination ( = 670 nm) has been considered and 
simulation has been done without actuation force and considering a stretching of the 10%. Simulation results 
confirm the expected behaviour for the devices validating the proposed structure. 
 
3. Fabrication 
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 Processing of the PDMS based microoptical system are carried over a (100) oriented silicon wafer of 4’’ diameter 
and 525-µm thickness. In order to perform the mask on the silicon micromechanization process the wafer is wet 
oxidized up to 400-nm thick and a photolithographic step is carried out with the only one mask needed. Then a 
nearly isotropic etch is done by deep reactive ion etching (DRIE) to obtain a sharp apex. To this effect an etching 
cycle are done for 120 seconds, without any passivation cycle (see fig. 2a). After that, in the same DRIE step, 
etching conditions are modified so as to obtain a vertical etch profile process. Hence, a stage alternating between 
etching and passivation cycles are done for 90 seconds. Then, the SiO2 mask is removed by wet etching and a new 
SiO2 layer of 400-nm thick is thermally growth to be used as a sacrificial layer. After this step, the shape of the 
proposed microoptical system is fully defined in the SiO2/Si structure, as can be observed at fig. 2b, and the Si 
micromecanization stage is finished. At this point this SiO2/Si master is used to define a SU-8 master over which the 
PDMS cast moulding will be done to obtain the proposed system. This “double mastering” process starts with the 
spinning of a layer of 150-µm thick SU-8. Then a soft-bake at 65 ºC for 10 minutes is done, followed by 95 ºC for 2 
h. After the wafer returns to room temperature it is exposed 60 sec to UV without any kind of mask and a PEB of 30 
minutes at 95ºC is done, as it is showed in fig. 2c. After the PEB, the wafer is immersed in HF in order to etch the 
SiO2 sacrificial layer and release the patterned SU-8 layer from the silicon substrate As it has been previously 
mentioned, this SU-8 layer will be used as a master on the final cast moulding process to transfer the pattern of the 
proposed microoptical system to the PDMS. The PDMS (Sylgard 184 elastomer kit, Dow Corning, Midland, MI, 
USA) pre-polymer is obtained by mixing the curing agent with the elastomer base in a 1:10 ratio (v:v). The 
subsequent mixture is degassed to remove the air bubbles and casted over the master, as it is schematized in fig. 2d. 
Once the PDMS is polymerized, the microoptical system is mechanically released from the SU-8 master and the 
fabrication of the optical microsystem is finished. At this point, it is possible to repeat final cast moulding steps 
several times with the same SU-8 master to obtain a large number of systems. 
 
 a) b) c) d) 
Figure 2.- Schematic representation of the micooptical system fabrication: a) silicon micromechanization, b) development of the lenses shape in 
Si/SiO2, c) development of the SU-8 master and d) replication of the optical system in PDMS. 
4. Characterization 
Optical characterization of the proposed PDMS based microoptical system has been made using a multimode 
fibre with a core diameter of 50 μm connected to a LED with a working wavelength of 670 nm. In order to assure 
the correct positioning of this fibre it is placed over an x-y-z micropositioner with a resolution of 2 µm. The 
microoptical system is hold with two tweezers. The first one is fixed throughout the experiment. Conversely, the 
second one is placed over a y micropositioner in order to stretch the structure, and perform the modulation. A 
microscope objective (x15) placed over a x-y-z micropositioner with a resolution of 2 µm is used to collect the 
output light and focus it on a CCD camera Pixelfly 200 XS VGA (pco.imaging, Kelheim, Germany) connected to a 
computer. Initially, the micro-optical system is studied without applying any actuation force. Shapes of the first and 
the second focus are presented in figs. 3a and 3b, respectively. The figures show the experimental power 
distribution, obtained with the CCD. The presented experimental results match with the numerical simulations As it 
was expected, both focuses are surrounded by a ring and presents revolution symmetry.  
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 a) b) 
Figure 3.- CDD images of a) the SL focal plane and b) the Ll focal plane when the structure is not stretched. 
After confirming the expected behaviour of the proposed microlens system without any actuation, the mobile 
tweezers is displaced so as to cause a stress on the structure and therefore convert the Ll into an elliptical microlens. 
10% Stretched lens focuses are showed on fig. 4. As it was predicted by the numerical simulations, the first focus 
point (Fig. 4a) keeps the revolution symmetry and it is equivalent to the non-stretched situation. Conversely, the PR 
is drastically modified and, as it also was predicted, the second focus is turned into a Sturm zone. Thus, fig. 4b the 
horizontal line focus, fig.4c the circle of least confusion and fig 4d the vertical line focus can be observed 
 
 a) b) c) d) 
Figure 4.- CDD images of a) the SL focal plane when the structure is not stretched, together with the different components of the Sturm zone that 
appears under stretching conditions, including b) the HLF, c) the CLC and d) the VLF. 
5. Conclusions 
The results presented show that the proposed 3D microoptical system can be easily modulated, leaving one of its 
focus invariant and changing the second one to become a Sturm zone, confirming both the technology and the 
principle of operation and showing this structure as an interesting candidate for applications on, photonic imaging, 
sensing and lab-on-a-chip systems. 
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